Infection is known to impair the growth of developing lungs. It is known that plasma free nitrotyrosine (NT) levels can reach 150 M during sepsis. Free NT incorporates into microtubules and impairs cell function. We hypothesize that free NT perturbs the angiogenic activity of pulmonary artery endothelial cells (PAEC) in developing lungs. PAEC from fetal lamb lungs were incubated with NT (1-100 M). We examined the effects of NT on tube formation, cell proliferation, apoptosis, and ␣-tubulin assembly in PAEC. We assessed superoxide anion (O 2 Ϫ ) and NO levels in PAEC during NT exposure. Effects of NT on endothelial NO synthase (eNOS) were examined with respect to eNOS-dimer formation and the association of eNOS chaperone, heat-shock-protein-90 (hsp90). NT decreased tube formation and increased apoptosis in PAEC. NT also decreased NO levels, increased NOS-dependent O 2 Ϫ generation, and promoted ␣-tubulin depolymerization. Although NT increased eNOS homodimer formation, it decreased the hsp90 association with eNOS. Our data suggest that increased NT formation during sepsis may uncouple eNOS activity and increase oxidative stress. Because NO plays an important role in angiogenesis and vasodilation, these observations suggest a mechanism for the impaired vasodilation and angiogenesis during sepsis in the developing lung. (Pediatr Res 69: 112-117, 2011) I nfection is known to affect the growth of developing lungs, especially in premature infants. Premature infants are at an increased risk of bronchopulmonary dysplasia (BPD), which is characterized by impaired alveolar formation and decreased blood vessel density in the lungs (1). Previous studies have pointed out a significant association between postnatal infection and the development of BPD (2). It is known that during sepsis, increased levels of superoxide (O 2 Ϫ ) and NO increase the formation of peroxynitrite (3), which nitrates tyrosine to form 3-nitrotyrosine (NT). NT can also be formed via NO 2 , H 2 O 2 with nitrite, or myeloperoxidase-mediated processes during infection (4).
I
nfection is known to affect the growth of developing lungs, especially in premature infants. Premature infants are at an increased risk of bronchopulmonary dysplasia (BPD), which is characterized by impaired alveolar formation and decreased blood vessel density in the lungs (1) . Previous studies have pointed out a significant association between postnatal infection and the development of BPD (2) . It is known that during sepsis, increased levels of superoxide (O 2 Ϫ ) and NO increase the formation of peroxynitrite (3) , which nitrates tyrosine to form 3-nitrotyrosine (NT). NT can also be formed via NO 2 , H 2 O 2 with nitrite, or myeloperoxidase-mediated processes during infection (4) .
In healthy subjects, plasma concentrations of free NT are generally less than 1 M (5). During severe sepsis, free NT levels can increase to 1-150 M (6). Originally, NT was considered to be merely a footprint for increased nitrosative stress. However, emerging evidence suggests that NT is more than an innocent biomarker. Free NT impairs vascular endothelial function (7) , impairs the response of systemic arteries to angiotensin II (8) , and inhibits the proliferation of vascular smooth muscle cells (9) . Free NT also can be incorporated into ␣-tubulin, via tubulin-tyrosine ligase, to impair cytoskeleton function (10) . Whether this incorporation is a reversible or irreversible process remains unclear.
The cytoskeleton plays vital roles in cell proliferation, migration/invasion, and apoptosis, all of which are involved in the process of angiogenesis. Microtubule assembly can modulate heat-shock-protein-90 (hsp90) and calmodulin, two proteins that are required for coupled endothelial NO synthase (eNOS) activity (11) . Chemical reagents that alter the cytoskeleton are used to kill tumors by either inducing cell apoptosis (12) or inhibiting angiogenesis (13) . NT can potentially impair the growth of developing lungs by inhibition of angiogenesis. However, the effects of NT on angiogenesis in developing lungs have not been explored previously. Here, we hypothesize that 1) free NT incorporates into microtubules of pulmonary artery endothelial cells (PAEC); 2) the incorporation of free NT impairs angiogenesis of PAEC isolated from developing lungs; and 3) free NT uncouples eNOS activity to reduce NO bioavailability. The studies were done in PAEC isolated from fetal lamb lungs delivered prematurely by cesarean section.
MATERIALS AND METHODS
The use of animals for isolation of PAEC was approved by the Medical College of Wisconsin Institutional Animal Care and Use Committee (IACUC) and conformed to the guidelines of the National Institutes of Health for the care and use of laboratory animals. PAEC were isolated from 132-d gestation fetal lambs (term ϭ 145 d) using methods we previously described (14) . The pulmonary arteries were dissected up to the third generation branches in the lung, and PAEC were isolated using 0.1% collagenase type A. Cell identity was confirmed by staining for factor VIII antigen and acetylated-LDL uptake (14) .
The BrdU assay kit, cell death detection kit, and in situ cell death TUNEL-POD kit were from Roche Applied Science (Indianapolis, IN). Recombinant human VEGF was obtained from NCIFCRF-Biological Resources Branch of National Cancer Institute and dihydroethidium (DHE) and 4-amino-5-methylamino-2Ј,7Ј-difluorofluoresceine diacetate (DAF-FM-DA) from Invitrogen (Carlsbad, CA). All other chemicals were obtained from Sigma Chemical Co.-Aldrich (St. Louis, MO).
Monoclonal anti-␣-tubulin antibodies (B-5-1-2 and D-M-1-A), horseradish peroxidase (HRP)-conjugated anti-rabbit IgG, Protein A-sepharose, and anti-mouse IgG were from Sigma Chemical Co.. Monoclonal antieNOS antibodies were from BIOMOL (clone H32) and Invitrogen (clone 9D10). Monoclonal anti-hsp90 antibody (clone 68) and growth-factorreduced Matrigel was from BD Biosciences (Bedford, MA). ExactaCruz E, Preclearing Matrix E, and ExactaCruz E-HRP were from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal NT antibodies (clone 4709) and Cu,Zn-superoxide dismutase (Cu,Zn-SOD) was provided by Dr. J.S. Beckman. Polyclonal anti-nitrotyrosinated-␣-tubulin antibody was from Dr. C.A. Arce. ImageJ (National Institutes of Health) software was used to analyze the band densities for Western blots.
Preparation of NT stock solution. NT from Sigma Chemical Co.-Aldrich was freshly dissolved in sterile 0.1N NaOH and filtered through 0.22-m filter to make 10 mM stock solution. The pH of control media were adjusted with 0.1N NaOH (8.04 Ϯ 0.01 versus 8.05 Ϯ 0.01). After 48 h in the incubator, there was no difference in pH between NT-containing media (7.52 Ϯ 0.07) and NaOH-adjusted media (7.45 Ϯ 0.03).
Cell cultures. PAECs were cultured in DMEM with 20% FCS in our experiments and appropriate amount of 0.1N NaOH was used to adjust the pH of the medium.
Incorporation of NT into microtubules. PAECs at ϳ80% confluence were serum-starved (0.5% FCS) for 2 h. The medium was renewed and incubated for 48 h with different amounts of NT and appropriate amount of NaOH to adjust the pH. One plate (80 M NT) was then changed to NT-free medium for another 24 h for comparison. For immunoprecipitation, the cells were exposed to NT for 48 h. PAECs were lysed in RIPA buffer and treated with Preclearing Matrix E. The supernatant was incubated with anti-␣-tubulin (B-5-1-2) antibody and ExactaCruz E. The immunoprecipitates were separated by 7.5% SDS-PAGE before transferring to nitrocellulose membranes. The membranes were blotted with polyclonal NT (1:5,000), polyclonal nitrotyrosinated-␣-tubulin (1:800), or monoclonal ␣-tubulin antibody (D-M-1-A, 1:1,000). Goat anti-rabbit-IgG-HRP (1:10,000) served as the secondary antibody for nitrated proteins, whereas ExactaCruz E-HRP was used for ␣-tubulin. Signal was developed using enhanced chemiluminescence and autoradiography to CL-Xposure film (Pierce). Integrated optical densities (IOD) were quantified using ImageJ.
Angiogenic activities. Cell growth, apoptosis/necrosis, proliferation, and tube formation assays were performed as previously described (14) .
PAECs, 1 ϫ 10 5 per well in 12-well plate, were cultured until attached and media were renewed with/without 50 M NT. Cells were trypsinized after 48 h and counts (viable and nonviable) were obtained using hemocytometer after trypan-blue exclusion stain. Similar experiments were performed with 50 M NT after adding the scavengers of reactive oxygen species, Cu,Zn-SOD (1 g/mL) and/or catalase (420 U/mL), and after adding NOS antagonist, N -nitro-L-arginine methyl ester hydrochloride (L-NAME, 300 M).
In situ TUNEL stain was used to detect apoptosis (15) . PAECs 2 ϫ 10 4 were cultured in 96-well plates, for apoptosis/necrosis and cell proliferation assays, to near confluence then serum-starved for 2 h. The media was changed with/without 50 M NT for overnight. Anti-histone-III antibody or bromodeoxy-uridine (BrdU) was then added. Absorbance at 560 nm was measured after addition of the chromophore as the reflection of cell apoptosis/necrosis or proliferation, respectively (14) . Matrigel 50 L was added to each well of 96-well plate, and 2 ϫ 10 4 of PAECs were seeded per well. Each well contained DMEM (5% FCS) and VEGF (10 Ϫ9 M) with/without NT at 1, 10, or 100 M, or no VEGF/NT (controls). Tube lengths were measured for each condition.
Levels of O 2 ؊ and NO by epifluorescence. NT effect on PAEC O 2 Ϫ levels was examined by both reduced ferricytochrome-c assay and DHE epifluorescence, whereas NO production was assessed using DAF-FM-DA epifluorescence after digitonin treatment. PAECs were incubated with NT overnight at ϳ60% confluence. Epifluorescence expressed as integrated relative light unit (RLU) was measured by MetaVue software.
Immunofluorescent staining of microtubules. PAECs (ϳ60% confluence) were incubated overnight with NT before fixation in cold (Ϫ20°C) methanol. The slides were rehydrated (PBS with 0.1% saponin) for 1 h, followed by blocking solution (PBS, 0.1% saponin, and 5% goat serum) for 1 h. The slides were treated with primary antibody (B-5-1-2; 1:200) at 4°C overnight, washed, and incubated with FITC-conjugated anti-mouse antibody (1:320). Pictures were taken using fluorescence microscope (Ex490/Em520).
eNOS homodimer formation and hsp90 association. Homodimer formation was evaluated using low-temperature immunoblots (16) . PAEC were incubated overnight in media with or without NT (100 M) at ϳ80% confluence followed by lysis in RIPA buffer. Lysates were immunoprecipitated with monoclonal anti-eNOS antibody (H32). Proteins were separated by 7.5% SDS-PAGE. Monoclonal anti-eNOS antibody (9D10, 1:500) and monoclonal anti-hsp90 antibody (1:500) were used to identify the protein signals on the nitrocellulose membrane. HRP-conjugated anti-mouse IgG antibody was used (1:9,000) as the secondary antibody and exposed to CL-Xposure film after treatment with enhanced chemiluminescence. IOD of the bands were analyzed using ImageJ and IOD ratios of signals for hsp90 and corresponding eNOS were calculated for comparison.
Statistical analysis. Data were expressed as mean Ϯ SE. One-way ANOVA followed by Student-Newman-Keuls test was used for comparisons among more than two groups. Student t test, or Mann-Whitney U test, was used for comparing two groups wherever appropriate. A p value Ͻ 0.05 was considered statistically significant.
RESULTS
NT incorporates into microtubules. Immunoblots using polyclonal NT antibody showed several nitrated protein bands in cell lysates from both control and NT-treated PAEC cultures. A prominent nitrated protein band (ϳ50 kD) was observed only in the lysates from NT-treated PAEC (Fig. 1A) . This nitrated protein band corresponds to ␣-tubulin and the signal increased with exposure to increasing concentrations of NT. Replacing the culture media with NT-deficient media decreased the signal of nitrated protein band (Fig. 1B) , suggesting that incorporation of NT is either a reversible process or that NT is enzymatically degraded. Immunoprecipitation of ␣-tubulin showed that ␣-tubulin was nitrated in direct relation to NT concentrations (Fig. 1C) and the nitrotyrosinated ␣-tubulin was seen only in NT-treated cells. An anti-nitrotyrosinated-␣-tubulin antibody detects NT that has been incorporated into the c-terminus of ␣-tubulin (Fig. 1D) (17) .
NT reduces the cell growth, decreases cell proliferation, and increases cell death. NT decreased the number of proliferating PAEC. Addition of Cu,Zn-SOD to NT-treated cultures caused further decreases in PAEC number. Catalase alone had no effect on cell counts when PAEC were incubated with NT. Addition of both catalase and Cu,Zn-SOD to NT-treated PAEC cultures increased cell counts to control levels ( 2A). The difference in cell counts was mainly due to difference in viable cells (Fig. 2B) . These results suggest that both O 2 Ϫ and H 2 O 2 impair PAEC proliferation, whereas scavenging both radicals by the combination of Cu,Zn-SOD and catalase is protective. Addition of L-NAME to NT-treated PAEC blocked the inhibitory effects of NT on cell counts (Fig. 2C) . L-NAME also tempered the Cu,Zn-SOD effect on cell counts (Fig. 2D) . These data suggest that NOS-dependent O 2 Ϫ contributes to the inhibition of PAEC proliferation by NT.
Control PAECs had low levels of apoptosis (Fig. 2E) . NT increased apoptosis by nearly 2.6-fold (Fig. 2F) . Apoptosis increased to 17.4 Ϯ 2.4%, 22.4 Ϯ 1.9%, and 28.3 Ϯ 1.2% as the concentration of NT increased to 1, 10, and 100 M, respectively (p Ͻ 0.001, Fig. 2G ). Analysis using anti-histone-III antibody showed that 50 M NT increased the index of apoptosis/necrosis from 13.9 Ϯ 4.0% to 26.2 Ϯ 4.4% (p ϭ 0.022). Finally, NT 50 M decreased cell proliferation assessed by BrdU incorporation (0.149 Ϯ 0.004 versus 0.136 Ϯ 0.002, Fig. 2H ).
NT decreases tube formation. VEGF increased tube formation by control PAEC at 6 h (223.6 Ϯ 13.3% versus 100.0 Ϯ 12.4%, p Ͻ 0.01) but not at 14 h (94.8 Ϯ 16.3% versus 127.9 Ϯ 7.7%, p ϭ 0.10). NT decreased VEGF induced tube formation. At 6 h, the total tube lengths were 77.3 Ϯ 8.%, 68.1 Ϯ 3.6%, and 57.0 Ϯ 6.9% for 1, 10, and 100 M NT, respectively (p Ͻ 0.001). These differences persisted even at 14 h (65.4 Ϯ 8.7%, 50.4 Ϯ 7.3%, and 39.0 Ϯ 6.1% for 1, 10, and 100 M NT, respectively; p Ͻ 0.001; Fig. 3F ). Branching points per high-power-field were 3.2 Ϯ 0.6 for unstimulated PAEC at 6 h and increased to 7.8 Ϯ 0.4 in the presence of VEGF but no difference was seen at 14 h (2.4 Ϯ 0. NT affects polymerization of microtubules. Immunofluorescent staining for ␣-tubulin showed filamentous microtubules in PAEC (Fig. 4A) . The filamentous structures surrounding the perinuclear area disappeared when PAEC were incubated with 1 M NT (Fig. 4B ) and 10 M NT (Fig. 4C) . The more diffuse the staining, the more the microtubules are depolymerized. In the presence of 100 M NT, PAEC appeared to be smaller with a diffuse speckled pattern (Fig. 4D) . The presence of SOD ϩ CAT gave similar cell counts as controls, whereas with SOD alone, the cell counts decreased further (*p Ͻ 0.01 vs control; ‡ p Ͻ 0.01 vs NT; † p Ͻ 0.01 vs both control and NT ϩ SOD). (B) In the absence of NT, both CAT alone and SOD alone decreased viable cell counts (Ⅺ), whereas CAT ϩ SOD gave similar counts as control (*p Ͻ 0.05 compared with control and SOD ϩ CAT). No difference in nonviable cell counts was seen (f); (C) Both NT alone and L-NAME alone decreased viable cell counts (Ⅺ), whereas NT ϩ L-NAME gave similar counts as control (*p Ͻ 0.05 compared with control and NT ϩ L-NAME). No difference in nonviable cell counts was seen These images suggest that free NT increases microtubule depolymerization (18) .
NT affects eNOS homodimer formation and hsp90 association. NT increased eNOS homodimer formation (Fig.  5A ) but decreased eNOS association with hsp90 (ϳ50%) even after stimulation with eNOS agonist, ATP (Fig. 5B) . As hsp90 is a required cofactor for NO synthesis, it appears that free NT uncouples eNOS by decreasing hsp90 association rather than by increasing eNOS monomer formation.
NT affects the levels of O 2 -and NO. NT increased both basal and ATP-stimulated DHE epifluorescence. L-NAME decreased the NT enhanced DHE epifluorescence (Fig. 6A) , suggesting that NOS is the source of increased epifluorescence. Inhibition of DHE epifluorescence by SOD suggests that the increased epifluorescence with NT is due to O 2 Ϫ (Fig.  6B) . Similarly, using ferricytochrome-C reduction assay, PAEC cultures that were incubated with NT had increased basal O 2 Ϫ levels (Fig. 6C) . NT decreased the DAF-FM-DA epifluorescence, both at basal level and in response to ATP stimulation (Fig. 7) . L-NAME decreased DAF-FM-DA epifluorescence in the presence/absence of NT, suggesting that DAF-FM-DA fluorescence was due to NO. Taken together, these results suggest that NT uncouples eNOS activity to increases eNOS dependent O 2 Ϫ production.
DISCUSSION
PAEC from prematurely delivered fetal lambs, readily incorporate free NT into ␣-tubulin. This leads to microtubule depolymerization, decreased cell size, and impaired angiogenesis by PAEC. Our data also suggest that eNOS uncoupling is associated with impaired angiogenesis by NT. Using two different assays for the detection of O 2 Ϫ , we observed that NT increases O 2 Ϫ production in PAEC by a NOS-dependent mechanism (19) . We also observed a decrease in hsp90-eNOS association after incubation with NT suggesting a mechanism for NT-induced eNOS uncoupling. These findings demonstrate that NT is more than a simple biomarker of oxidative stress and may contribute to the impaired angiogenesis observed in premature infants with infections.
The effect of NT on pulmonary vascular endothelial function, especially during the developmental stage, has not been studied before. Using PAEC from fetal lambs allows us to examine the potential effects of NT on the angiogenesis function in developing lungs. In this study, we used NT in a range of concentrations (1-100 M) that are seen during infection (6) . We observed marked protein nitration in cell lysates that corresponds to ␣-tubulin after NT treatment. Immunoblots using antibody that was specifically raised against nitrotyrosinated-␣-tubulin verified that NT was incorporated into ␣-tubulin as previously described (17) . Removal of NT from the media for 24 h dramatically decreases the levels of nitrated ␣-tubulin in PAEC as reported earlier by Bisig et al. (17) . Although the specific mechanisms for scavenging nitrated proteins in PAEC remain unknown, these data suggest that the effects of NT on PAEC function may be reversible. Because nitrotyrosinated-␣-tubulin is resistant to carboxypeptidase (10), it is possible that other enzyme systems are involved in the removal of NT or denitration of NT. We cannot rule out the possible role of normal protein turnover in the process.
Nosocomial infections develop in 20% of very LBW infants (20) . Infection contributes to lung injury and increases the risk of BPD in premature infants (21) . Increased formation of O 2 Ϫ during infection decreases NO availability and also generates peroxynitrite, a potent nitrating agent through the reaction between NO and O 2 Ϫ . Protein nitration can affect cell function (22) and NT inhibits tumor growth (23) . A potential mechanism for the alteration of cell function by NT is the posttranslational nitrotyrosination of ␣-tubulin (10). Microtubules play critical roles in maintaining cell structure, intracellular transport, and mitosis. Previous studies demonstrated that a reversible, posttranslational modification of tyrosine residue occurs at the c-terminus of the ␣-tubulin (24) . Dynamic microtubules, characteristic of dividing cells, have tyrosine incorporated into their c-terminus (tyrosinated), whereas stable, long-lived microtubules have their tyrosine removed from the c-terminus (detyrosinated). Drugs targeting the cytoskeleton have been studied extensively as antitumor agents, and some of their effects were attributed to inhibition of angiogenesis (25) . Because ␣-tubulin plays a vital role in the formation of microtubules, it is possible that modification of ␣-tubulin can affect cell function and differentiation (7-9,26). Free NT is excreted through kidneys, but impaired kidney function is commonly seen in septic premature neonates, which can lead to high plasma levels of NT. Because cell proliferation and angiogenesis are very active in the developing lungs, higher NT concentration may have a potential detrimental effect on lung development. The relationship between NT concentration in the media and signal density of nitrotyrosinated-␣-tubulin observed in our study is similar to previous reports (9,10). However, unlike previous studies (10), we observed that NT incorporation into ␣-tubulin is a reversible process in fetal PAECs.
Microtubule-active agents are known to modify NO production (18) and cell migration in vascular endothelial cells (27) . Using nocodazole, Su et al. observed that disruption of microtubules leads to decreased NO production and hsp90-eNOS association. Our findings suggest that NT also disrupts polymerized microtubules and leads to eNOS uncoupling. We also found that NT reduces cell proliferation, as reported in other cell lines (9) . Our observation that scavenging both O 2 Ϫ and H 2 O 2 improves cell counts suggests that the effect of NT is mediated by ROS. Several oxidative enzymes in PAECs can be a source of O 2 Ϫ (28).
L-NAME improved the cell counts after NT treatment, suggesting that eNOS uncoupling after NT incorporation to ␣-tubulin contributes to the increased O 2 Ϫ production. We previously demonstrated that disrupting the interaction between hsp90 and eNOS leads to eNOS uncoupling (19) . In this study, we found that NT increases eNOS homodimer formation but decreases hsp90-eNOS association. With increased O 2 Ϫ production and decreased NO production, we believe that NT uncouples eNOS by blocking the interaction between hsp90 and eNOS. It is also possible that the increased O 2 Ϫ reacted with NO to form peroxynitrite and nitrated the tyrosine(s) of ␣-tubulin (29) , which may also contribute to NT formation in our samples. It is also possible that eNOS or hsp90 is nitrated and leads to eNOS uncoupling. The later possibility deserves further investigation.
In conclusion, increased free NT, which occurs during infection, may result in altered endothelial cell biology and impaired angiogenesis. This is especially important to the developing lungs because impaired angiogenesis can affect alveolar growth and lung development (1) . The limitation of our study is that we did not test our hypothesis in intact animals. Because kidneys effectively excrete free NT, it is difficult to study the in vivo effect of NT unless kidney function is impaired in the study animals. However, investigation of angiogenesis using cultured PAEC provides an excellent model system to obtain mechanistic information about the impaired angiogenesis. Can our findings be one of the explanations why inhalational NO therapy fails to show benefit in decreasing BPD in very premature infants remains to be determined? Future studies will address the long-term effects of NT on lung growth and differentiation in vivo.
